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Absence of the tight junctional protein AF-6 disrupts epithelial
cell–cell junctions and cell polarity during mouse development
Alexander B. Zhadanov*†, D. William Provance Jr.*, C.A. Speer‡, J. Douglas
Coffin*§, Dee Goss*, J.A. Blixt‡, Cheryl M. Reichert* and John A. Mercer*
Background: The establishment, maintenance and rearrangement of junctions
between epithelial cells are extremely important in many developmental,
physiological and pathological processes. AF-6 is a putative Ras effector; it is
also a component of tight and adherens junctions, and has been shown to bind
both Ras and the tight-junction protein ZO-1. In the mouse, AF-6 is encoded by
the Af6 gene. As cell–cell junctions are important in morphogenesis, we
generated a null mutation in the murine Af6 locus to test the hypothesis that
lack of AF-6 function would cause epithelial abnormalities. 
Results: Although cell–cell junctions are thought to be important in early
embryogenesis, homozygous mutant embryos were morphologically
indistinguishable from wild-type embryos through 6.5 days post coitum (dpc)
and were able to establish all three germ layers. The earliest morphological
abnormalities were observed in the embryonic ectoderm of mutant embryos at
7.5 dpc. The length of the most apical cell–cell junctions was reduced, and
basolateral surfaces of those cells were separated by multiple gaps. Cells of the
embryonic ectoderm were less polarized as assessed by histological criteria
and lateral localization of an apical marker. Mutant embryos died by 10 dpc,
probably as a result of placental failure. 
Conclusions: AF-6 is a critical regulator of cell–cell junctions during mouse
development. The loss of neuroepithelial polarity in mutants is consistent with a
loss of efficacy of the cell–cell junctions that have a critical role in establishing
apical/basolateral asymmetry. 
Background
The dynamic modulation of cell–cell contacts is a critical
step in many developmental processes, including the
establishment of epithelial cell polarity and complex
movements of sheets of cells [1]. Proteins defined by the
PDZ sequence motif — a protein interaction motif origi-
nally identified as repeated regions of homology between
the synaptic protein PSD-95, the product of the Drosophila
dlg tumor suppressor gene and the epithelial tight-junc-
tion protein ZO-1 — have been shown to function at
many different sites of cell–cell interaction, including
tight junctions, adherens junctions and synapses. It has
been shown that PDZ domains participate in cell–cell
junction organization, intracellular signaling and receptor
clustering by mediating protein–protein interactions [2].
The human AF6 gene was first identified as a fusion
partner with the ALL-1 locus in acute myeloid leukemias
with a t(6;11)(q27;q23) translocation [3]. It was also iso-
lated in a yeast two-hybrid screen with H-Ras [4]. The
AF6 locus (Af6 in mouse) encodes a modular protein (AF-6
or afadin) that contains a PDZ domain [5]; two motifs that
interact with Ras and the tight-junction protein ZO-1
in vitro [4,6,7]; regions with homology to myosin-V-like
and kinesin-like cargo-binding domains [8]; and an actin-
binding domain present only in a long isoform produced
by alternative splicing [9]. 
From studies of the Drosophila homologs of AF-6, ZO-1 and
Ras, we can predict multiple and complex roles for the
mammalian proteins in cell–cell interactions during devel-
opment. The canoe (cno) gene is a Drosophila homolog of Af6
[10,8]. Genetic manipulation of the activity of Cno modu-
lated the effects of both constitutively active and dominant-
negative forms of Ras1 in cone cell differentiation [11]. The
tamou (tam) locus of Drosophila encodes a protein homolo-
gous to ZO-1 [12]. Flies doubly homozygous for the viable
hypomorphic alleles pydtam and cnomis1 die as embryos, sug-
gesting a genetic interaction between tam and cno [13]. 
Of the known Ras effectors [14], AF-6 is the most likely
candidate for directly mediating the effects of Ras (or
other small GTPases) on cell–cell junctions. The AF-6
protein colocalizes with ZO-1 at tight junctions in epithe-
lial cells [15] and with cadherin at adherens junctions in
both rat liver and intestinal epithelium [9]. Overexpression
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of activated Ras protein in Rat1 fibroblasts causes a pertur-
bation of cell–cell contacts, with a decreased accumulation
of ZO-1 and AF-6 at the cell surface [15]. Together with
in vitro binding data, these data suggest that the interac-
tion of AF-6 with ZO-1 is required for the assembly and
dynamic modulation of cell–cell junctions, and that this
interaction is inhibited by activated Ras. 
Here, we present evidence that AF-6 function is
required for maintenance of cell–cell junctions and cell
polarity in the neuroepithelium of embryos at 7.5 days
post coitum (dpc). 
Results
Loss of AF-6 function leads to embryonic lethality by
10.5 dpc
AF-6 protein was detected in blastocysts and throughout
development in wild-type embryos. The protein was
widely distributed in 8.75 and 9.5 dpc embryos, with
strongest signals in the tail bud, epithelial cells of branchial
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AF-6 expression, targeting vector, homologous recombination and germ-
line transmission. (a) AF-6 protein expression at 8.75 and 9.5 dpc in
wild-type (+/+) and homozygous mutant (–/–) embryos. High levels of
AF-6 were detected in the tail bud (black arrow), epithelial cells of
branchial arches (black arrowhead) and neural tube (white arrow).
(b) Targeting strategy. Maps of the wild-type Af6 locus (top), the
targeting vector (middle) and the disrupted Af6 allele (bottom) are
shown. Black boxes, Af6 exons; black bars, external 5′ and 3′ probes
used for Southern blot analysis; neo, neomycin resistance selectable
marker (with the direction of transcription indicated as an arrow pointing
in the 5′ to 3′ direction); tk, thymidine kinase gene (with the direction of
transcription indicated as an arrow pointing in the 5′ to 3′ direction); grey
boxes, promoter derived from the gene for phosphoglycerate kinase
(PGK); arrows (1–3), PCR primers for genotyping; A, ApaI; E, EcoRI; H,
HindIII; N, NotI; S, StuI; X, XhoI. EcoRI and HindIII fragments (with sizes
in kb) diagnostic of the wild-type and targeted alleles are shown,
respectively, above the map of the wild-type locus and below the map of
the targeted allele. (c,d) Southern blot analysis showing homologous
recombination at the Af6 locus in ES cell clones 4, 17, and 53 using
(c) the 3′ probe B on EcoRI-digested DNA, and (d) the 5′ probe A on
HindIII-digested DNA. (e) Southern blot analysis demonstrating germ-
line transmission of the targeted Af6 allele in the progeny of a chimera
for ES cell clone 17 using the 3′ probe B on EcoRI-digested genomic
DNA. (f,g) PCR genotyping of 9.5 dpc embryos. Lanes labelled C in (g)
denote no DNA control samples. In (c–g), diagnostic fragments for the
wild type (wt) and the mutant (m) are indicated.
arches, neural tube, and mid/hindbrain neuroepithelium at
9.5 dpc (Figure 1a). 
We generated a null mutation at the Af6 locus by homolo-
gous recombination in embryonic stem (ES) cells by
inserting the PGK–neo cassette into exon 4 of the Af6
locus (Figure 1b). Two independently derived ES cell
clones (Figure 1c,d) generated chimeras that transmitted
the mutant allele in the germ line (Figure 1e). Mice
heterozygous for the Af6 mutation appeared normal and
were fertile. 
No liveborn homozygous mutants were found among the
progeny of matings between heterozygotes (Figure 1e).
To determine when Af6 homozygous null embryos died,
we used PCR to genotype embryos from intercrosses of
heterozygotes (Table 1). Partially resorbed embryos were
observed at 10.5 and 11.5 dpc and were found on geno-
typing to be homozygotes (Figure 1f,g). At earlier times,
homozygous mutants were present at the expected
Mendelian proportion (Table 1). 
To confirm the absence of AF-6 protein in mutants,
mutant and wild-type embryos were analyzed by whole-
embryo immunohistochemistry (Figure 1a) and western
blot analysis (data not shown). No AF-6 protein was
detected in mutant homozygous by either method. 
The earliest abnormality in mutant embryos is a
hyperplastic embryonic ectoderm
To characterize the abnormalities of Af6 homozygous
mutant embryos, we analyzed litters from intercrosses of
heterozygous mice at stages between 5.5 and 9.5 dpc. The
mutant phenotype was identical in mice derived from
both targeted ES cell lines, and so results from both lines
have been pooled in this study. All embryos were geno-
typed by PCR. 
No morphological abnormalities were observed before
6.5 dpc (data not shown). By 7.5 dpc, homozygous mutant
embryos were morphologically distinguishable from
normal embryos (Figure 2a). Mutant conceptuses showed
a reduction in the size of the embryonic portion relative to
the extraembryonic portion; posterior body elongation was
retarded and neural folds were not observed (Figure 2a).
In wild-type embryos, the neural plate was clearly defined
anteriorly, with developing neural folds (Figure 2a, NF). 
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Table 1
PCR genotyping of progeny derived from intercrosses between
Af6/+ heterozygotes.
Age of +/+ +/– –/–
progeny
Liveborn 41 73 0
13.5 dpc 3 6 0
11.5 dpc 2 5 2 (resorptions)
10.5 dpc 5 9 4 (resorptions)
9.5 dpc 13 31 13
8.5 dpc 11 16 9
7.5 dpc 12 26 11
Figure 2
Morphology of wild-type (+/+) and Af6 mutant
(–/–) embryos at 7.5, 8.5 and 9.5 dpc.
(a) Embryos dissected from the decidua at
7.5 dpc. Normal embryos exhibit AP polarity;
the developing neural folds mark the anterior
aspect of embryos. (b) Dissected wild-type
embryo and a partially dissected mutant
embryo at 8.5 dpc. (c) Wild-type and a typical
comma-shaped mutant embryo at 9.5 dpc.
(d–i) Hematoxylin–eosin-stained sections of
wild-type and mutant embryos at (d,e)
7.5 dpc, (f,g) 8.5 dpc and (h,i) 9.5 dpc. EM,
embryonic portion of the embryo; EX,
extraembryonic portion of the embryo; A,
amnion; AL, allantois; C, chorion; D, decidua;
E, embryonic ectoderm; N, neural tube; NE,
neuroepithelium; NF, neural fold; PS, primitive
streak; S, somites; Y, yolk sac. The
arrowheads in (e) denote accumulations of
(upper) mesoderm and (lower) ectoderm. The
bars represent 100 µm in (a,b,c,g,h,i); 50 µm
in (d,e); and 200 µm in (f). All embryos shown
were genotyped by (a–c) PCR or (d–i)
immunohistochemistry.
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Sectioning of 7.5 dpc embryos revealed that the mutants
formed all three germ layers, as mesoderm had clearly
passed through the primitive streak region (Figure 2d,e).
The embryonic ectoderm, however, which at the midline
will become the neuroepithelium of the neural plate, was
more stratified than columnar (Figure 2e, lower arrow-
head; Figure 4). The neuroepithelium was present in
mutants, but it was poorly developed at the anterior and
posterior of the embryo (Figure 2d,e). The allantois,
which forms from a projection of mesodermal cells from
the posterior margin of the embryonic ectoderm, was
present in normal embryos at this stage. Mutant embryos
lacked an allantois; in its place, we observed a posterior
accumulation of mesodermal cells in the mutant embryo
(Figure 2e, upper arrowhead). 
By 8.0–8.5 dpc, the presumptive neuroectodermal layer in
mutant embryos became thick and disorganized centrally,
while the anterior and posterior margins of the layer were
thin. Mesodermal structures such as notochord and
somites were not observed in 8.5 dpc mutant embryos
(Figure 2b,f,g), and expression of a notochord marker,
HNF-3β [16,17], was not detected (data not shown).
Mutant embryos were comma-shaped at 9.5 dpc and
lacked recognizable normal structures (Figure 2c,h,i). His-
tological examination showed that the 9.5 dpc mutant
embryos consisted predominantly of loose mesenchyme
(Figure 2i). The death of mutant embryos by 10 dpc is
likely to be the result of failure to establish any connec-
tion between the embryonic and maternal circulatory
systems (data not shown), but the developmental abnor-
malities are so extensive that many alternative explana-
tions are possible. 
Mutant embryos asymmetrically express early markers for
anteroposterior axis establishment
Although histology provided evidence of morphogenetic
failure, it did not indicate whether early differentiation
events were arrested as well. Therefore, we examined
early markers associated with anteroposterior (AP) axis
formation. The T gene (also known as Brachyury) is tran-
siently expressed from the onset of gastrulation in cells
ingressing into the primitive streak and in nascent meso-
derm [18]. Mutant embryos expressed T transcripts at
7.5 dpc, suggesting the presence of a primitive streak
(Figure 3a) despite the abnormal morphology of the
mutant mesoderm. By the next day of development,
however, expression of T was confined to small patches
of cells, possibly corresponding to axial mesoderm
(Figure 3b, white arrowhead). T expression was nearly
absent by 9.5 dpc in mutant embryos (data not shown). 
The expression of the homeobox gene Hesx1 (also known
as Rpx) marks the anterior aspect of the embryo [19].
Mutant embryos expressed Hesx1 in anterior visceral endo-
derm at 7.0 dpc, indicating that AP polarity was estab-
lished despite morphogenetic abnormalities (Figure 3c).
By the next day, Hesx1 transcripts are normally localized to
rostral neuroectoderm [19]; Hesx1 expression, however,
was not detected in 8.5 dpc mutant embryos (data not
shown), consistent with the absence of a head fold in
mutant embryos. The earliest known anterior marker, Hex
Figure 3
Whole-mount in situ hybridization analysis of
T (Brachyury) and Hesx1 expression.
(a) T expression at the posterior aspect of the
embryo in primitive streak mesodermal cells
(arrows) in both wild-type and mutant embryos
at 7.5 dpc. (b) Normal T expression (white
arrows) at 8.5 dpc in wild-type embryos, and
aberrant (but asymmetric) expression (white
arrowhead) in mutants at the same stage.
(c) Hesx1 expression in anterior visceral
endoderm (arrows) at 7.0 dpc marks the
anterior aspect of both wild-type and mutant
embryos. The bars represent 100 µm.
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Figure 4
Semi-thin (1 µm) sections from 7.5 dpc embryos fixed and embedded
for electron microscopy. Sections from (a) wild-type and (b) mutant
embryos were stained in toluidine blue. E, embryonic ectoderm; M,
mesoderm; VE, visceral endoderm.
E
(a) (b)+/+ –/–
M
VE
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[20], also was expressed asymmetrically in mutant embryos
(data not shown). 
Abnormal morphology of apical cell–cell junctions and
basolateral intercellular gaps in embryonic ectoderm
From the gross phenotype, we hypothesized that the
cell–cell junctions in mutant embryonic ectoderm might
be weakened or absent, and therefore unable to maintain
the integrity of the ectoderm during growth and move-
ment of the epithelial sheet. To examine cell–cell junc-
tion structure in the absence of AF-6, embryos were fixed
and embedded for electron microscopy. Initial 1 µm sec-
tions examined by light microscopy (Figure 4) showed
that the mutant embryonic ectoderm was more stratified
and less columnar, and the mesoderm was less dense than
the corresponding germ layers in wild-type embryos. No
significant differences were observed between wild-type
and mutant visceral endoderm at this level of resolution. 
We then examined all three germ layers of 7.5 dpc
embryos by transmission electron microscopy (Figure 5).
The most striking difference between wild-type and
mutant embryonic neuroectoderm was the presence of
multiple gaps between ectodermal cells of the lumenal
layer in the mutant embryo (Figure 5d, arrows). In addi-
tion, structures resembling microvilli were present in the
intercellular gaps (Figure 5d, arrowheads). Higher magni-
fication views of apical junctions between neuroectodermal
cells are shown in Figure 5b,e; the wild-type neuro-
ectoderm had classical tight and adherens junctions
(Figure 5b), but junctions of mutant neuroectoderm had
consistently shorter electron-dense regions that could not
be classified as tight or adherens junctions. These elec-
tron-dense regions were frequently displaced basally
(Figure 5e). The differences between mutant and wild-
type embryonic endoderm (Figure 5c,f) were less striking
than those seen in ectoderm, correlating with the absence
of endodermal abnormalities at the light microscopic level
in the mutant embryos. 
AF-6 colocalizes with both ZO-1 and E-cadherin in the
neuroectoderm of 7.5 dpc embryos
Yamamoto et al. [15] observed that AF-6 colocalizes with
ZO-1, and Mandai et al. [9] observed that AF-6 colocalizes
with E-cadherin, showing more overlap with E-cadherin
than with ZO-1. Initially, we used laser confocal microscopy
to determine whether these associations were present in
wild-type embryos at 7.5 dpc. We observed extensive
overlap in the subcellular distribution of AF-6 with both
ZO-1 (Figure 6a) and E-cadherin (Figure 6b) in embryonic
ectoderm and visceral endoderm. These overlaps were
present in blastocysts as well (data not shown). 
No detectable changes in the subcellular localization of
ZO-1 and E-cadherin were found in Af6 mutant embryos
Because it was difficult to classify the abnormal cell–cell
junctions in mutant neuroectoderm, and as AF-6 colocal-
ized with components of both tight and adherens junc-
tions, we examined the distribution of molecular markers
for tight and adherens junctions in 7.5 dpc mutant
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Figure 5
Transmission electron micrographs of
(a,b,d,e) embryonic ectoderm and 
(c,f) visceral endoderm of (a–c) wild-type and
(d–f) homozygous mutant embryos at 7.5 dpc.
The apical surface is on the right in (a,d), and
at the top in (b,c,e,f). (c,d) Extended cellular
processes (arrowheads in panel d) are found
at the lateral surface of the mutant cells.
(d) Multiple gaps (arrows) are present
between cells of the mutant; gaps at the
center of (d) are enlarged in the inset. The
magnification is 3,600 × in (a,d); 45,000 × in
(b,e); and 56,000 × in (c,f).
(a) (b) (c)
(d) (e)
+/+
–/–
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(f)
embryos by confocal microscopy. An antibody against
AF-6 was used to identify mutant embryos (data not
shown). As the results of Yamamoto et al. [15] suggested
that activated Ras reduces cell–cell contacts in Rat1 cells
by removing AF-6 and ZO-1 from the cell membrane, we
hypothesized that ZO-1 localization would be changed in
mutant embryonic ectoderm. Surprisingly, ZO-1 localiza-
tion was not altered in the mutant embryos (Figure 7a,b),
indicating that ZO-1 does not depend on AF-6 for its sub-
membrane localization in this tissue. Localization of the
adherens junction marker E-cadherin was also not signifi-
cantly different in the neuroepithelia of mutant embryos,
compared with the wild type (Figure 7c,d). The localiza-
tion of β-catenin was similar to that of E-cadherin (data
not shown). Both ZO-1 and E-cadherin colocalized with
AF-6 in wild-type blastocysts, but the localization of
either protein was not changed in mutant blastocysts
(data not shown). 
In our electron micrographs (Figure 5), it appeared that
microvilli were present in the basolateral gaps between
mutant neuroepithelial cells. To confirm this identifica-
tion and the reduction in polarity with a molecular marker,
we performed immunofluorescent localization using a
monoclonal antibody to prominin, an apical marker found
in microvilli of neuroepithelium and many other epithelia
[21]. The change in prominin localization was dramatic
(Figure 7e,f). As shown in Figure 7e, in the wild-type
neuroectoderm, prominin (green) had minimal overlap
with E-cadherin (red); in mutant embryos, however, there
was significant basolateral colocalization of prominin and
E-cadherin (Figure 7f, yellow). Three-dimensional repre-
sentations of Figure 7e,f are published with this article on
the internet (see Supplementary material). These data
demonstrate that the polarity of neuroectoderm is dramati-
cally reduced in the absence of AF-6 function. 
Discussion
We propose that AF-6 is necessary for the dynamic regula-
tion of tight and/or adherens junctions. More importantly,
our data indicate that AF-6 function is only necessary in
specific cell types that do not correspond entirely with the
cell types in which AF-6 is expressed. Not unexpectedly,
the regulation of tight and adherens junction during
postimplantation development is far more complicated
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Figure 6
Colocalization of AF-6 (red) with (a) ZO-1 (green) and (b) E-cadherin
(green) in neuroectoderm (NE) of wild-type 7.5 dpc embryos. M,
mesoderm.
M
(a) (b)
NE
M
NE
20 µm
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Figure 7
ZO-1 and E-cadherin localization is normal in 7.5 dpc Af6 mutant
embryos, but the mutant neuroepithelium has lost its polarity.
(a,b) Localization of ZO-1 in (a) wild-type and (b) Af6 mutant embryos.
(c,d) Localization of E-cadherin in (c) wild-type and (d) Af6 mutant
embryos. (e,f) Localization of E-cadherin (red) and prominin (green) in
(e) wild-type and (f) Af6 mutant embryos. NE, neuroectoderm; M,
mesoderm; VE, visceral endoderm.
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than has been suggested by studies of cultured cells and
preimplantation embryos. 
The Af6 mutant phenotype is interesting in several
respects. First, the surprising lack of abnormalities in
preimplantation development suggests that AF-6 is not an
essential structural component of either tight or adherens
junctions, which (along with desmosomes) are prominent
in early development [22]. Desmosomes do not appear to
be relevant to the initial abnormalities, as we did not iden-
tify desmosomes in several hundred wild-type and mutant
embryonic cells (data not shown). All of our data are con-
sistent with the hypothesis that AF-6 has a regulatory, not
a constitutive or structural, function, although these roles
are not mutually exclusive and functional redundancy is
an alternative explanation. 
Second, the loss of columnar epithelial morphology in
mutant neuroectoderm resembles hyperplasia, consistent
with a role for AF-6 as a Ras effector [4] that could partici-
pate in the epithelial–mesenchymal transition [23] in carci-
nomas. This predicts that transformed Af6 homozygous
mutant cells may be more invasive or metastatic than wild-
type cells. Electron microscopy (Figure 5) showed that
mutant neuroectoderm had electron-dense cell–cell contacts
that were not identifiable as tight or adherens junctions. The
large intercellular gaps observed are consistent with either
reduced strength of cell–cell junctions or alterations in
transepithelial transport, which also might be predicted from
the loss of polarity that we observed. Similar intercellular
gaps have been observed in Xenopus embryos following
injection of dominant-negative N-cadherin [24] and E-cad-
herin [25]. It is important to note that the gaps are present
along the entire lateral surfaces of the cells, not just apically.
This is surprising given the normal apical location of AF-6
(Figure 6). A detailed immunoelectron microscopic charac-
terization of cell–cell junctions in blastocysts, embryoid
bodies and homozygous mutant ES cells is now in progress. 
In a developmental context, the tissue specificity of the
Af6 mutant phenotype is consistent with results from
other investigators, as wild-type neuroepithelium has
been shown to reorganize and lose polarity between 8 and
9 dpc [26]. During this time, expression of occludin is
decreasing and expression of ZO-1 is increasing in chick
embryos [27]. These results can be integrated by hypothe-
sizing that the epithelial character of these cells is begin-
ning to be lost at 7.0 dpc, and that AF-6 may represent a
pivotal mechanism for modulating cell–cell junctions
downstream of Ras or other small GTPases during this
period. Any roles of AF-6 in later morphogenetic events
are likely to be masked by the severe abnormalities
caused by the initial disruption at 7.5 dpc. 
There is some controversy over the identification of AF-6
as a component of tight junctions [15] or (as afadin) as a
component of adherens junctions [9]. Our demonstration
of colocalization of both ZO-1 and E-cadherin with AF-6
in wild-type neuroectoderm suggests that there may be
no conflict between these two results. All three analyses
were performed under different conditions and therefore
any conclusions derived from them are clearly not mutu-
ally exclusive. Moreover, the abnormalities we observed
in neuroepithelial cell–cell junctions defy description in
classical terms and do not help to distinguish between a
role of AF-6 in tight versus adherens junction regulation.
At this point, our data are consistent with both hypothe-
ses. Our failure to detect any change in localization of
ZO-1 in the mutant embryos was not expected, however,
given the AF-6–ZO-1 interactions demonstrated in vitro
by Yamamoto et al. [15]. Despite the apparent discrep-
ancy between the effects they observed upon overexpres-
sion of Ras and the effects we observed upon removal of
AF-6, both suggest a regulatory role for AF-6; hypothesiz-
ing a more structural function for AF-6 in directing the
localization of ZO-1 would predict mislocalization of
ZO-1 in the mutant. 
The striking loss of neuroepithelial polarity in the Af6
mutant embryos is consistent with data from other systems
[28], which suggest a role for cell–cell junctions in directing
polarity. Although we observed lateral localization of both
apical structures and an apical marker, the basolateral local-
ization of E-cadherin itself was not perceptibly changed in
the mutant embryos. Whether this loss in polarity is a
downstream effect of the alterations in cell–cell junctions
or directly downstream of AF-6 cannot be determined. 
In summary, these data suggest that the regulation of
cell–cell junctions during embryogenesis is tissue-specific,
and that AF-6 is an important part of this mechanism in at
least one important embryonic epithelium. More impor-
tantly, these data indicate that this regulation may be
complex and indirect, as the mechanism of cell–cell junc-
tion disruption was not illuminated at the level of light
microscopy by immunolocalization of the basic markers of
tight and adherens junctions. 
Materials and methods
Generation of Af6 mutant mice
A 412 bp cDNA probe was obtained by reverse-transcriptase PCR
from mouse brain cDNA using oligonucleotide primers corresponding
to the amino-acid sequences EKFRPDM and PETSFTR, which are con-
served between human AF6 and Canoe. This cDNA probe was
mapped (using the Jackson Laboratory BSS mapping panel) to proxi-
mal mouse chromosome 17, which corresponds to human 6q27. The
probe was used to screen a 129/SvJ genomic bacterial artificial chro-
mosome library (Genome Systems). A 6.2 kb XhoI–ApaI Af6 genomic
fragment was subcloned into pGEM11 (Figure 1b). The neo expres-
sion cassette from pPNT [29] was subcloned into a StuI site. This
Af6–neo fragment was inserted into pPNT. The linearized targeting
vector was electroporated into R1 ES cells [30], which were subjected
to double selection with G418 and gancyclovir. Four independent
homologous recombination events occurred among 75 doubly resis-
tant colonies, as assessed by Southern blot hybridization with both 5′
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(Figure 1d) and 3′ (Figure 1e) flanking probes. All four clones were
injected into host NIH Black Swiss (Tac:N:NIHS-BCfBR) × C57BL/6J
F1 blastocysts, and two of the four clones generated chimeras that
transmitted the mutation to their offspring (Figure 1e). The mutant phe-
notype was identical in mice derived from both original targeted ES cell
lines; results from both lines have been pooled in this study.
Sequences of PCR primers used for genotyping were: #1, 5′-GAAG-
GAGGCATTGAGACAAGC-3′; #2, 5′-AATGGGCTGACCGCTTC-
CTCGTG-3′; and #3, 5′-CAAAGGATCAGCTGAAGAGAGAC-3′.
Western blot analysis
Mouse embryos and adult brain were solubilized and 10 µg protein per
lane was separated by SDS–PAGE and transferred to nitrocellulose.
The separated proteins were probed with rabbit polyclonal antibody
against AF-6 [15], a gift from Kozo Kaibuchi. 
Histology, in situ hybridization and immunohistochemistry
Embryos were fixed for 2 h in 4% paraformaldehyde and embedded in
paraffin wax. Serial 5 µm sections from representative blocks were col-
lected on Superfrost Plus slides (Fisher Scientific) and stained with
hematoxylin/eosin using standard procedures. Whole-mount in situ
hybridization analysis using digoxygenin-labeled probes was performed
as described by Wilkinson et al. [31], using Hesx1 [19], Hex [20],
HNF-3β [16] and T [31]. Stained embryos were cleared by incubation
in a mixture of benzyl benzoate and benzyl alcohol (2:1) after dehydra-
tion in methanol. A minimum of six wild-type and six mutant embryos
were used for each probe. Immunofluorescent localization was per-
formed with rabbit polyclonal antibodies against ZO-1 (Zymed) and
AF-6 [15]; mouse monoclonal antibodies against AF-6 (Transduction
Laboratories) and E-cadherin (Transduction Laboratories); and rat mon-
oclonal antibodies against ZO-1 (Chemicon) and prominin [21].
Embryo sections were examined with a BioRad MicroRadiance laser
confocal unit attached to a Nikon Optiphot microscope. 
Transmission electron microscopy
Whole embryos were fixed by immersion in Karnovsky’s fixative at 4°C
overnight and treated in 1% OsO4 in 0.1 M sodium cacodylate buffer
for 1 h. During dehydration, embryos were stained in uranyl acetate for
2 h. Semi-thin and ultra-thin sections were stained with toluidine blue
and lead citrate, respectively; the former were examined by light
microscopy (Figure 4) and the latter were examined on a JEOL 100C ×
electron microscope (Figure 5). At least two embryos of each genotype
were used in each experiment.
Supplementary material
Supplementary material including three-dimensional representations
of Figure 7e,f is available at http://current-biology.com/supmat/sup-
matin.htm. 
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S1Supplementary material
Figure S1
Semithin (1 µm) sections from 7.5 dpc embryos fixed and embedded
for electron microscopy. Sections from (a) wild-type and (b) mutant
embryos were stained with toluidine blue: e, embryonic ectoderm;
ps/m, primitive streak/mesoderm; ve, visceral endoderm. The
extraembryonic portions of the embryos are at the right in this figure
and in Figures S2 and S3.
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Figure S2
A stereo pair of a larger thickness of the wild-
type embryo shown in Figure 7e,
demonstrating the planar apical staining for
prominin. Localization of E-cadherin is shown
in red and prominin in green. Twenty-four
sections in a Z-series were stacked and
projected. The data from this figure are shown
as a rotating stereo movie at
http://www.montana.edu/wwwmri/wt.mov.
S2 Supplementary material
Figure S3
A stereo pair of a larger thickness of the Af6
mutant embryo shown in Figure 7f, showing
localization of E-cadherin (red) and prominin
(green). Much of the prominin staining is
clearly basolateral, although in some regions it
remains apical. Twenty-eight sections in a
Z-series were stacked and projected. The
data from this figure are shown as a rotating
stereo movie at
http://www.montana.edu/wwwmri/mut.mov.
